Abstract. In addition to the accelerating voltage of ions, ion charge state, ion sputtering, diffusion and phase change will all affect the concentration depth distribution. In order to distinguish the influence degree of the various factors, appropriate computational and experimental approaches must be put forward. Molybdenum ions from a metal vapor vacuum arc (MEVVA) ion source are implanted into aluminum to investigate the influence factors of the concentration depth profiles. The results of high voltage electron microscopy (HVEM) have showed that phase change are not induced by molybdenum ion implantation of an average current density of lower than 20μA/cm 2 . Rutherford backscattering spectroscopy (RBS) is used to investigate the Mo concentration depth profile in the Mo-implanted Al. RBS from Mo-implanted Al is converted to Mo concentration depth distribution considering the change of stopping cross section induced by high dose ion implantation. The measured concentration depth profile is compared with the calculation result of the TRIDYN program, in which sputtering and multi-charged state can both be considered dynamically. The deviation of the experiment and simulation results could be attributed to radiation enhanced diffusion or intense pulse beam current density implantation.
Introduction
Aluminum is widely used as a construction material due to its low density and excellent conductivity, and it can be reinforced by transition metal element, including Ni, Cu, Mo and Ti [1] . Since MEVVA ion source appeared, which could produce multi-charged ion beams at low cost and without complex ion beam systems allowing simultaneous implantation of multi-charged multi-energized ions into materials and compounds, metal ion implantation into metal with high implantation dose has been developed to modifying the surface properties of Al. Some results have been demonstrated in industrial application [2, 3] . But there were some deviation among the experiment and simulation results of ion concentration depth distribution for high dose metal ion implantation. The influence degrees of the various factors on the concentration depth distribution are not discussed quantitatively because ion charge state, ion sputtering, diffusion and phase change will all affect the concentration depth distribution besides the acceleration voltage of ions and ion species [4] . In this paper, in order to distinguish the influence degree of the various factors, high dose Mo ions are implanted into Al at lower temperature, which could limit phase transition effect. The phase structure of the implanted sample is observed by HVEM. RBS is used to investigate the Mo concentration depth profile in the Mo-implanted Al. The results of HVEM have showed that phase change are not induced by molybdenum ion implantation of an average current density of lower than 20μA/cm 2 . RBS from Mo-implanted Al is converted to Mo concentration depth distribution considering the change of stopping cross section induced by high dose ion implantation. The calculated concentration depth distribution from TRIDYN [5] is compared with the measured RBS results. The relationship among radiation enhanced diffusion, change of stopping cross section and Mo concentration depth distribution after pulsed Mo implantation is discussed.
Experiment Plan

Experimental Method
The experimental samples are pure aluminum in the size of 15mm×15mm ×1 mm and 15mm×7.5mm ×0.1 mm. Half of the big sample is masked by a small one during ion implantation to ensure that the samples for RBS and HVEM analysis are obtained by the same implantation run. All samples are polished to a mirror finish, heat-treated in a vacuum furnace and cleaned in an ultrasonic bath with acetone and ethanol. Mo ions from a MEVVA source are implanted into Al at a voltage of 48kV to a dose of 3×10 17 ions/cm 2 , respectively. The chosen average current density of is lower than 20μA·cm -2 . During the implantation, the samples are fixed on a water-jacketed iron plate in a vacuum chamber to keep their temperature is lower than 250C. The concentration depth profile of the implanted layer is measured by Rutherford backscattering spectrometry (RBS). For the RBS measurement, 2.023MeV alpha particles are incident on the samples normally. The backscattering ions are detected at the angle of 165 o C. The RBS result is compared with that calculated by TRIDYN. For HVEM, the samples of 0.1mm thickness are mechanically polished to about 0.01 mm thickness on the reverse side of the implanted surface. The implanted side is protected from etching with a kind of special glue during the following electro-polishing. The high beam current density will result in too high temperature, and so the surface could melt and become scraggly except phase transition, which will affect the measurement results of RBS and make the measurement results distortion. In view of this, we use the lower average beam current density, so as to control the implantation temperature below 250C. The modified layer of the samples is thick, so the use of HVEM is more appropriate.
Experimental Result
HVEM. Taking into account the implanted layer thickness may exceed 300nm, we use HVEM to observe the implanted layer microstructure in order to reduce the influence of the sample preparation process on the implantation layer.
The electron diffraction pattern from HVEM is made up of diffraction spots due to big crystal grains of Al for the unimplanted sample because it has been heat-treated in a vacuum furnace (Fig.1a) . After Al is implanted at an average ion current density of lower than 20μA/cm 2 , the corresponding electron diffraction pattern shows widening diffraction rings corresponding to Al (Fig1b), which implies that the ion implanted layer is also crystalline and phase change effect on concentration distribution could be ignored.
RBS.
The high-dose ion implantation will make stopping power change significantly, which affect RBS conversion to concentration depth distribution. If the concentration of the implanted element is high enough, the sample cannot be regarded as pure aluminum, and the need to consider the influence of implanted element on the stopping cross section. a b Figure 1 . HVEM diffraction patterns of implanted and unimplanted Al a-unimplanted, b-implanted.
For an Al sample implanted by Mo, we first convert the backscattering spectrum into Mo concentration depth distribution ( ) c t according to the usual method. Second, we consider the influence of implanted element on the stopping cross section. For the implanted layer of thickness d, the average atomic concentration is given by 
Where E0 is the energy of He+ before an elastic collision of He+ with an atom, Al k and Mo k are the kinematic factor of an elastic collision of He+ with Al and Mo atom, respectively, the 2  (here 0 15 ) is positive regardless of the side on which it lies with respect to the normal of the sample. Finally, we can converted the backscattering spectrum into a new Mo concentration depth distribution using the recalculated stopping cross section and corresponding stopping cross section factor.
The Mo-implanted sample from RBS is given in Fig.2 . The concentration depth distribution of Mo in the Mo-implanted samples is obtained from RBS (Fig.3) in accordance with the above conversion method. It could be shown that the maximum atomic concentration is about 20%.
Ion sputtering does not make the position of Mo maximum concentrations move to the surface of the implanted samples, which implies that the implantation dose does not reach saturation dose. The retained dose is about 1.2×1017 cm-2 . If the implantation depth is measured from the sample surface to a specific position beneath the surface where the concentration of Mo is bigger than 2%, the thickness d of the implanted layer is approximately 150nm. 
Simulation of the Concentration Depth Profile
The concentration depth distribution of single-energy ion implantation can be calculated by SRIM program without considering the diffusion and sputtering (Figure 4) [6] . But high dose ion implantation can change the stopping cross section of the implanted layer, which will affect the concentration depth distribution of the implanted ions. Mo ion implantation should be simultaneous implantation of multi-charged multi-energized ions into Al due to the characteristics of MEVVA ion source [7, 8] . TRIDYN can simulate synchronous implantation of five kinds of multi-energy ions and consider the influence of sputtering and the stopping cross section changes on the concentration depth distribution. For TRIDYN, each pseudo-projectile corresponds to a dose of
(1) After the termination of each pseudo-projectile, the implanted layer is recalculated considering the stopping cross section and surface recession induced by sputtering and composition change. An equidistant grid is set up with the original increment x  in a new pseudo-projectile by interpolation. Therefore, the stopping cross section can be considered in TRIDYN. For our simulation, the chosen Mo pseudo-projectiles are 300000. The maximum Mo ion concentration calculated by TRIDYN program is at the surface due to sputtering from Fig. 3 . The comparison of the calculation results with the experimental results is shown in Fig.  3 . There is a serious deviation between the calculation results with the experimental results from Fig. 3 . The usual thermal diffusion effect on the concentration may be analyzed as follows. The usual thermal diffusion can be considered by thermal diffusion equations [9] . The corresponding diffusion length Dt l 2  is negligible according to our experimental parameter and the equations, where D is the thermal diffusion coefficient of implanted ions in Al. Therefore, the usual thermal diffusion is not the main factor of the deviation of the concentration profile. We believe that the radiation enhanced diffusion effect of heavy ion implantation and intense pulsed beam current density implantation could be the main factor of the deviation according to the above results, which will be studied further in the future.
Summary
HVEM has showed that phase change effect on Mo concentration distribution could be ignored at an average current density of lower than 20μA/cm 2 . The measured concentration depth profile from RBS, in which the change of stopping cross section induced by Mo ion implantation is considered, is compared with the calculation result of the TRIDYN program. The deviation of the experiment and simulation could only be attributed to radiation enhanced diffusion and intense pulsed beam current density implantation because the effect of charge state, ion sputtering, usual thermal diffusion and phase change on Mo concentration distribution have all been considered in our experiments or simulation.
